I. Introduction
The neuropeptides orexin A and orexin B (also known as hypocretin 1 and hypocretin 2, respectively), produced in hypothalamic neurons, were initially identified as endogenous ligands for two orphan G-protein-coupled receptors (Sakurai et al., 1998) . They were recognized as regulators of feeding behavior because of 1) their exclusive production in the lateral hypothalamic area (LHA 1 ), a region known as the feeding center, and 2) their pharmacological activity (Sakurai et al., 1998; Edwards et al., 1999; Haynes et al., 2000 Haynes et al., , 2002 .
Thereafter, the importance of orexins in the maintenance of consolidated sleep/wake states has been demonstrated by the fact that the sleep disorder narcolepsy is caused by orexin deficiency in human and animals (Chemelli et al., 1999; Lin et al., 1999; Peyron et al., 2000; Thannickal et al., 2000; Hara et al., 2001) . Recent findings on input and output systems of orexin neurons, as well as phenotypic characterizations of mice with genetic alterations in the orexin system, indicate that these neurons are involved in sensing the body's external and internal environments as well as regulating the states of sleep and wakefulness, which are beneficial for survival. In particular, these studies have suggested further roles for orexin in the coordination of emotion, energy homeostasis, reward, drug addiction, and arousal (Yamanaka et al., 2003a; Akiyama et al., 2004; Mieda et al., 2004a; Boutrel et al., 2005; Harris et al., 2005; Sakurai et al., 2005; Narita et al., 2006; Yoshida et al., 2006) . A new compound has been investigated preclinically in an attempt to control orexin system to improve sleep quality. Several studies suggest that this orexin system modulator might be beneficial for obesity, addiction, and pain as well as sleep disorder.
This review will discuss the mechanisms by which the orexin system maintains sleep and wakefulness, and how this mechanism relates to other systems that regulate emotion, reward, and energy homeostasis.
II. Orexin and Orexin Receptors

A. Identification of Orexin (Hypocretin)
There are more than 600 G-protein-coupled receptor (GPCR) genes in the human genome. Half of these are sensory receptors, most of which are olfactory. The other half are receptors for regulating cell functions, and many small regulatory peptides exert their biological actions by acting on GPCRs. There are almost 100 GPCRs the ligands of which are still unknown and that are therefore referred to as orphan GPCRs. Many of these orphan GPCRs are likely to be receptors for heretofore-unidentified signaling molecules, including new peptide hormones and neuropeptides.
Orexin A and B were both identified from rat brain extracts as ligands of an orphan GPCR HFGAN72 (orexin receptor-1; OX 1 R) (Sakurai et al., 1998) . Orexins constitute a novel peptide family with no significant structural similarities to known families of regulatory peptides. Orexin A is a 33-amino acid peptide of 3562 Da with two sets of intrachain disulfide bonds. It has an N-terminal pyroglutamyl residue and C-terminal amidation (Sakurai et al., 1998) . The primary structure of orexin A predicted from the cDNA sequences is completely conserved among several mammalian species (human, rat, mouse, cow, sheep, dog, and pig). On the other hand, rat orexin B is a 28-amino acid, C-terminally amidated linear peptide of 2937 Da that is 46% (13/28) identical in sequence to orexin A. The C-terminal half of orexin B is very similar to that of orexin A (73%; 11/15), whereas the N-terminal half is variable. Orexin B also has a high degree of sequence similarity among species. Several studies revealed that the structures of fish, Xenopus laevis, and chicken orexin A and B have also conserved structures compared with mammalian sequences. (Shibahara et al., 1999; Alvarez and Sutcliffe, 2002; Sakurai, 2005) (Fig. 1) .
Orexin A and B are produced from a common precursor polypeptide, prepro-orexin, with usual proteolytic processing presumably by prohormone convertases (Fig.  1) . De independently isolated an mRNA encoding the same precursor peptide as a hypothalamus-specific transcript. They predicted that this transcript potentially encodes two neuropeptides, hypocretin-1 and -2. The names "hypocretin" and "orexin" are used synonymously in many articles.
B. Orexin Receptors
HFGAN72, now called orexin receptor-1 (OX 1 R) was initially identified as an expressed sequence tag from human brain (Soppet et al., 1996; Sakurai et al., 1998) . Subsequently, orexin receptor-2 (OX 2 R) was identified by searching an expressed sequence tag database by tBLASTn with the OX 1 R sequence as a query (Sakurai et al., 1998) . The amino acid identity between the fulllength human OX 1 R and OX 2 R sequences is 64%. Amino acid identities between the human and rat counterparts 1 Abbreviations: 5HT, serotonin; ACT-078573, (2R)-2-((1S)-6,7-dimethoxy-1-(2-(4-trifluoromethylphenyl)-ethyl)-3,4-dihydro-1H-isoquinolin-2-yl)-N-methyl-2-phenylacetamide; AgRP, agouti-related peptide; Arc, arcuate nucleus; BF, basal forebrain; BIBO3304, N- [(1R)-1-[[[[4-[[(aminocarbonyl) 
amino]methyl]phenyl]methyl]amino]-carbonyl]-4-[(aminoiminomethyl)amino
]butyl]-a-phenyl-benzeneacetamide; BST, bed nucleus of the stria terminalis; CRF, corticotropinreleasing factor; CSF, cerebrospinal fluid; DMH, dorsomedial hypothalamic nucleus; DR, dorsal raphe; FEO, food entrainable oscillator; GPCR, G-protein-coupled receptor; LC, locus ceruleus; LDT, laterodorsal tegmental nucleus; LHA, lateral hypothalamic area; N/OFQ, nociceptin/orphanin FQ; NAc, nucleus accumbens; NMDA, N-methyl-Daspartate; NMDAR, N-methyl-D-aspartate receptor; NPY, neuropeptide; NREM, non-rapid eye movement; OX 1 R, orexin receptor-1; OX 2 R, orexin receptor-2; PFA, perifornical area; POMC, proopiomelanocortin; PPT, pedunculopontine nucleus; REM, rapid eye movement; SB334867A, 1-(2-methylbenzoxazol-6-yl)-3-(1,5)naphthyridin-4-yl urea; SIA, stress-induced analgesia; TMN, tuberomammillary nucleus; VLPO, ventrolateral preoptic area; VTA, ventral tegmental area. OREXIN AND SLEEP, FEEDING, AND EMOTION 
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of each of these receptors are 94% for OX 1 R and 95% for OX 2 R, indicating that both receptor genes are highly conserved between the species (Sakurai et al., 1998) . OX 1 R has greater affinity for orexin A than orexin B by 1 order of magnitude. In contrast, OX 2 R has similar affinity for both orexin A and orexin B (Sakurai et al., 1998) (Fig. 1) . Furthermore, OX 1 R is coupled to the G q/11 class of G proteins, which results in activation of phospholipase C with subsequent triggering of the phosphatidylinositol cascade. OX 2 R is shown to be coupled to both G q/11 and inhibitory G i proteins when expressed in cell lines (Zhu et al., 2003) (Fig. 1) . Studies using nonneuronal cells suggested that G q , G s , and G i proteins are involved in OX 2 R-mediated extracellular signal-regulated kinase activation in human embryonic kidney 293 cells (Tang et al., 2008) . Moreover, food deprivation exerted a differential effect on coupling between orexin receptors and G proteins (Karteris et al., 2005) .
C. Orexin-Producing Neurons
Orexin-producing neurons (orexin neurons) are exclusively localized to the perifornical area and the lateral and posterior hypothalamic area in the rat brain Date et al., 1999; Nambu et al., 1999) (Fig. 2) , and this distribution has been confirmed in human tissue (Elias et al., 1998) . These cells diffusely project to the entire neuroaxis, excluding the cerebellum Date et al., 1999; Nambu et al., 1999) (Fig. 2) . This anatomical structure suggests that the activity of orexin neurons influences multiple brain areas. The heaviest staining of orexin-immunoreactive nerve endings in the brain was found in the paraventricular thalamic nucleus, arcuate nucleus of the hypothalamus, raphe nuclei, tuberomammillary nucleus (TMN), and locus ceruleus (LC). Orexin colocalizes with dynorphin , galanin (Håkansson et al., 1999) , prolactin , neuronal activityregulated pentraxin (Reti et al., 2002) , and glutamate (Abrahamson et al., 2001 ). Many orexin neurons express vesicular glutamate transporters, suggesting that many if not all orexin neurons are also glutamatergic (Rosin et al., 2003; Torrealba et al., 2003) . In contrast, orexin neurons do not express GAD-67 mRNA, suggesting that orexin neurons are not GABAergic (Rosin et al., 2003) .
D. Distribution of Orexin Receptors
In the central nervous system, in situ hybridization studies have demonstrated that both orexin receptor mRNAs are expressed in regions in which contain dense orexin innervations as described above. OX 1 R and OX 2 R mRNAs show partially overlapping but largely distinct and complementary distribution patterns, suggesting that they play different physiological roles for each receptor subtype. OX 1 R is expressed in many brain regions, such as the prefrontal and infralimbic cortex, hippocampus (cornu ammonis 2), amygdala, and bed nucleus of the stria terminalis (BST), paraventricular thalamic nucleus, anterior hypothalamus, dorsal raphe (DR), ventral tegmental area (VTA), LC, and laterodorsal tegmental nucleus (LDT)/pedunculopontine nucleus (PPT) (Trivedi et al., 1998; Lu et al., 2000; Marcus et al., 2001) . OX 2 R is expressed in the amygdala and BST, paraventricular thalamic nucleus, DR, VTA, and LDT/ PPT (Lu et al., 2000; Marcus et al., 2001 ). On the other hand, OX 2 R is abundantly expressed in the arcuate nucleus (Arc), TMN, dorsomedial hypothalamic nucleus (DMH), paraventricular nucleus, LHA in the hypothalamus, cornu ammonis 3 in the hippocampus, and medial septal nucleus (Lu et al., 2000; Marcus et al., 2001) . These histological findings suggest that orexins and their receptors are likely to play a broad regulatory role in the central nervous system and could regulate feeding, autonomic control, sleep, memory, and the reward system. OX 1 R is also distributed in the peripheral tissues, such as kidney, adrenal, thyroid, testis, ovaries, and jejunum. OX 2 R is found in adrenal glands, lung, and pituitary (Jöhren et al., 2001 ).
FIG. 1. Overview of orexin system. A, structure of mature orexin A and B peptides. The topology of the two intrachain bonds in orexin A is indicated above the sequence. Shadows indicate amino acid identity. Mammalian orexin A sequences thus far identified (human, rat, mouse, pig, dog, sheep, and cow) are all identical, whereas the sequences of orexin B show some differences among species. B, schematic representation of orexin system. Orexin A and B are derived from a common precursor peptide, prepro-orexin. The actions of orexins are mediated via two G protein-coupled receptors (named OX 1 R and OX 2 R). OX 1 R is selective for orexin A, whereas OX 2 R is a nonselective receptor for orexin A and B. OX 1 R is coupled exclusively to the G q subclass of heterotrimeric G proteins, whereas OX 2 R couples to G i/o and/or G q .
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III. Input to Orexin Neurons
A. Neuronal Afferents
In mice with a genetically encoded retrograde tracer and in rats with combining antero-and retrograde tracers, upstream neuronal populations that make innervations to orexin neurons were revealed Yoshida et al., 2006) . These studies showed that orexin neurons are innervated by the lateral parabrachial nucleus, ventrolateral preoptic nucleus (VLPO), medial and lateral preoptic areas, basal forebrain (BF), posterior/dorsomedial hypothalamus, VTA, and median raphe nuclei. Many upstream neurons were identified in regions associated with emotion, including the infralimbic cortex, amygdala, shell region of the nucleus accumbens, lateral septum, and BST.
Orexin neurons were also showed to receive innervations from regions associated with energy homeostasis including NPY-, agouti-related peptide, and ␣-melaninstimulating hormone-immunoreactive fibers, which presumably come from the Arc (Broberger et al., 1998; Elias et al., 1998) .
Hypothalamic regions preferentially innervate orexin neurons in the medial and perifornical parts of the field, but most projections from the brainstem target the lateral part of the field (Yoshida et al., 2006) , suggesting functional dichotomy of orexin neurons.
B. Factors that Influence Activity of Orexin Neurons
From the above-mentioned regions, neurons send input to orexin neurons and regulate orexin neuronal activity by secretion of particular neuromodulators. To identify orexin-containing neurons for direct electrophysiological recording, we generated transgenic mice expressing green fluorescent protein exclusively in orexin neurons. Several neurotransmitters and neuromodulators that activate or inhibit the activity of orexin neurons have identified by electrophysiological studies using the transgenic mice (Table 1) .
It is noteworthy that both noradrenaline and serotonin (5HT) hyperpolarize and inhibit activity of orexin neurons through activation of G protein-regulated inwardly rectifying K ϩ (GIRK or Kir3) channels via ␣ 2 -adrenoceptors and 5HT 1A -receptors, respectively (Yamanaka et al., 2003b Muraki et al., 2004) . In addition, the cholinergic agonist carbachol activates 27% and inhibits 6% of orexin neurons through M3 muscarinic receptors (Yamanaka et al., 2003; Sakurai et al., 2005) . However, histamine seems to have no effect on orexin neurons. These observations suggest that serotonin and noradrenaline neurons send inhibitory feedback projections to orexin neurons. These feedback mechanisms might stabilize the activity of both orexin neurons and monoaminergic neurons. Furthermore, although orexin neurons do not express functional dopamine receptors, dopamine can inhibit orexin neurons by acting on ␣ 2 -adrenoceptors (Yamanaka et al., 2003b .
It was also suggested that sleepiness associated with sleep deprivation might be related with modulation of activities of orexin neurons by noradrenaline. A short (2 h) period of total sleep deprivation changed the action of noradrenaline on orexin neurons from excitation to in- FIG. 2 . Schematic drawing of coronal section and sagittal section through the rat brain, summarizing of the orexin neuronal system. A, prepro-orexin mRNA-containing neurons are shown in black superimposed upon anatomical structures of the hypo-and subthalamic areas. The rectangle designates the area schematized in the figure. Abbreviations: LH, lateral hypothalamic area; PeF, perifornical nucleus; PH, posterior hypothalamic area; Sth, subthalamic nucleus; SubI, subincertal nucleus; and ZIV, ventral zona incerta. Additional landmarks include: THAL, thalamus; HAB, habenular complex; ic, internal capsule; opt, optic tract; mt, mammillothalamic tract; f, fornix; mfb, medial forebrain bundle; 3V, third ventricle; DM, dorsomedial hypothalamic nucleus; and VMH, ventromedial hypothalamic nucleus. B, orexin neurons are found only in the lateral hypothalamic area and project to the entire central nerves system. The thickness of arrows represents relative abundance of projection. Abbreviations: 3V, third ventricle; 4V, fourth ventricle.
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It was also shown that agonists of ionotropic glutamate receptors [␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid and N-methyl-D-aspartate (NMDA)] excite orexin neurons, whereas glutamate antagonists [2-amino-5-phosphonopentanoic acid, 6-cyano-2,3-dihydroxy-7-nitroquinoxaline, or 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo(f)quinoxaline] reduce their activity (Li et al., 2002; Yamanaka et al., 2003b) . These results indicate that orexin neurons are tonically activated by glutamatergic neurons. At the same time, GABAergic input to orexin neurons strongly inhibits activity of orexin neurons (Xie et al., 2006; Matsuki et al., 2009) .
Imaging study was also helpful to screen for factors that affect the activity of orexin neurons. Using transgenic mice in which orexin neurons specifically express a genetically encoded intracellular calcium indicator (yellow cameleon, Yc2.1), we identified several factors that influence the activity of orexin neurons: a sulfated octapeptide form of cholecystokinin (CCK-8S) as well as neurotensin, oxytocin, and vasopressin activate orexin neurons Tsunematsu et al., 2008) , whereas GABA, glucose, 5-HT, noradrenaline, and leptin inhibit them (Table 1) . Adenosine has been shown to inhibit orexin neurons via the A 1 receptor (Liu and Gao, 2007) . This mechanism might relate to the sleep-promoting effect of adenosine (Liu and Gao, 2007) . In addition, recent reports suggested that orexin neurons are profoundly affected by physiological fluctuations in acid and CO 2 levels. Acidification increased neural excitability, whereas alkalinization depressed it (Williams et al., 2007) . Because orexin affects respiratory function, this mechanism might play an important role on the regulation of respiration (Nakamura et al., 2007) .
IV. Orexin Deficiency Causes Narcolepsy
Narcolepsy is a sleep disorder characterized by a primary disorganization of behavioral states. This disorder affects approximately 1 in 2000 persons in the United States (Mignot, 1998) . Most cases of human narcolepsy start during adolescence and persist throughout life. Many experiments revealed that human narcolepsy is caused by an orexin deficiency (Chemelli et al., 1999; Lin et al., 1999; Peyron et al., 2000; Thannickal et al., 2000) . The symptoms and pathophysiology of the narcolepsy provide insight into the physiological roles of orexin. Narcolepsy is characterized by the inability to maintain vigilance states, pathological intrusion of non-REM and/or REM sleep into wakefulness, and frequent transitions between states of sleep and wakefulness. Human narcolepsy patients feel excessive daytime sleepiness (an insurmountable urge to sleep), manifested particularly as attacks of falling asleep at inappropriate times (sleep attack). They often suffer from an attack called "cataplexy," which is characterized by sudden weakening of postural muscle tone, which can range from jaw dropping and speech slurring to complete bilateral collapse of the postural muscles. These attacks are often triggered by emotional stimuli. These symptoms suggest that orexins have important roles in the maintenance and stabilization of sleep and wakefulness, as well as inhibition of REM sleep or REM sleep-related phenomena.
The first clues toward an involvement of the orexins in narcolepsy came from animal models. prepro-Orexin gene knockout mice or dogs with null mutations in the OX 2 R gene show phenotypes remarkably similar to humans with narcolepsy (Chemelli et al., 1999; Lin et al., 1999) . Some studies elucidated that prepro-orexin knockout mice, orexin neuron-ablated (orexin/ataxin-3-transgenic) mice, and OX 1 R/OX 2 R double-knockout mice showed similar phenotypes that have strong parallels to the human condition, characterized by behavioral arrests that are similar to cataplexy, occasional direct transitions to REM sleep from wakefulness, and highly fragmented sleep-wake cycles (Chemelli et al., 1999; Hara et al., 2001) (Fig. 3) . All of them are important elements of narcolepsy.
A postmortem study of human narcolepsy subjects consistently showed an 80 to 100% reduction in the number of neurons containing detectable prepro-orexin mRNA or orexin-like immunoreactivity in the hypothalamus and undetectable levels of orexin peptides in the 
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TSUJINO AND SAKURAI cortex and pons, in which normally orexinergic projections are found (Fig. 2) (Peyron et al., 2000; Thannickal et al., 2000) . In good agreement with this report, undetectable levels of orexin A in the cerebrospinal fluid (CSF) of narcolepsy patients was presented in earlier study (Nishino et al., 2000) . In addition, approximately 90% of patients with narcolepsy show decreased orexin A levels in the cerebrospinal fluid (Mignot et al., 2002) . In particular, narcolepsy with cataplexy (narcolepsy-cataplexy) shows higher concordance with low CSF orexin A level. A low CSF level of orexin A is now one of the diagnostic criteria for narcolepsy-cataplexy according to the 2nd edition of the International Classification of Sleep Disorders (American Academy of Sleep Medicine, 2005) .
Furthermore, a recent finding showing concomitant loss of dynorphin, neuronal activity-regulated pentraxin, and orexin, which colocalize in orexin neurons, further suggests a loss of orexin neurons in narcolepsycataplexy (Crocker et al., 2005) . On the contrary, the number of melanin-concentrating hormone containing neurons, which are intermixed with orexin neuron in the normal brain, was similar in control and narcoleptic brains (Peyron et al., 2000; Thannickal et al., 2000) . The cause of the specific loss or degradation of orexin neurons in narcolepsy has been unknown so far, but because of its strong association with certain human leukocyte antigen alleles (Kadotani et al., 1998) , it is possible that narcolepsy may result from selective immune-mediated degeneration of orexin neurons, although no specific antibody against orexin neurons has been found in serum of the patients. Although the cause of the neuron loss remains to be clarified, the orexin signaling-deficiency in narcolepsy-cataplexy shows that this orexin system plays an important role in the regulation of sleep and wakefulness, especially in the maintenance of long, consolidated awake periods. Because narcolepsy is a disorder resulting from an absence of orexin, orexin agonists will provide the fundamental cure for narcolepsy as described in detail in section VIII.
V. Roles of Orexins in Regulation of
Sleep/Wake States
A. Interactions with Sleep and Waking Centers
Sleep-active neurons in the preoptic area, especially the VLPO, appears to play a critical role in initiation of non-rapid-eye-movement (NREM) sleep and maintenance of both NREM and rapid-eye-movement (REM) sleep (Sherin et al., 1998) . The VLPO sends descending inhibitory projections to wake-active neurons producing wake-promoting neurotransmitters, including histamine, noradrenaline, 5-HT, and acetylcholine (Sherin et al., 1998; Lu et al., 2002) (Fig. 4) . Neurons in the VLPO fire at a rapid rate during sleep, with attenuation of firing during the waking period. These sleep-promoting neurons in the VLPO mostly contain GABA and/or galanin and are inhibited by wake-active transmitters such as noradrenaline and acetylcholine (Gallopin et al., 2000) . These neurons inhibit monoaminergic and cholinergic arousal system during sleep. These reciprocal interactions of inhibition constitute the flip-flop switching of the wake/sleep states. It is noteworthy that GABAergic neurons in the preoptic area also densely innervate orexin neurons Yoshida et al., 2006) . Orexin neurons are strongly inhibited by both a FIG. 3 . Narcolepsy in orexin receptor-knockout mice. Typical representative 12-h dark period (8:00 PM-8:00 AM) hypnograms for wild-type (WT), OX 1 R knockout (OX 1 R KO), OX 2 R knockout (OX 2 R KO), and double-receptor knockout mice (OX 1 R/OX 2 R DKO), all on a C57BL/6J background, are shown. The different levels above the baseline indicate state of sleep and wakefulness (R, REM sleep; S, NREM sleep; W, awake) of the mouse at the time. Arrowheads show episodes of direct transition from wakefulness to REM sleep. Note the greater wake/NREM sleep episode fragmentation and reduced duration of wakefulness in the hypnogram of OX 2 R-knockout and double-receptor knockout mice compared with wild-type and OX 1 R knockout mice. Episodes of direct transition from wakefulness to REM sleep ware not observed in OX 1 R knockout mice, and barely in OX 2 R knockout mice, whereas they were frequently observed in double-receptor knockout mice. Hypnograms were obtained by simultaneous electroencephalography (EEG) and electromyography (EMG) recording for 4 weeks (n ϭ 18 -40).
OREXIN AND SLEEP, FEEDING, AND EMOTION GABA A receptor agonist, muscimol, and a GABA B receptor agonist, baclofen (Yamanaka et al., 2003a; Xie et al., 2006) . These observations suggest that VLPO neurons send GABAergic inhibitory projections to orexin neurons. This pathway might be important to turn off orexin neurons during sleep (Fig. 4) . In fact, selective deletion of GABA B receptor gene in orexin neurons result in highly instable sleep/wake architecture in mice (Matsuki et al., 2009 ).
As already mentioned, patients with narcolepsy and animals with a defect of orexin system cannot maintain consolidated wakefulness state. To maintain arousal, it is recognized that monoaminergic neurons in the hypothalamus and brain stem, including neurons in the TMN, LC, and DR, play crucial roles . These neurons are known to be synchronized and strongly associated with sleep/wake states. They fire tonically during the awake state, less during NREM sleep, and are virtually quiescent during REM sleep (Vanni-Mercier et al., 1984) . It has been revealed that orexin neurons discharge during active waking and cease firing during sleep, including the NREM and REM periods, in vivo (Lee et al., 2005) . Furthermore, the raphe nuclei, LC, and TMN monoaminergic neurons express orexin receptors and are heavily innervated by orexin like immunoreactivity. These results suggest that orexin neurons are activated during the wakeful period and exert an excitatory influence on these wake-active neurons to sustain their activity (Fig. 4) . In fact, noradrenergic cells of the LC (Hagan et al., 1999) , dopaminergic cells of the VTA (Nakamura et al., 2000) , serotonergic cells of the DR (Brown et al., 2002; Liu et al., 2002) , and histaminergic cells of the TMN (Yamanaka et al., 2002) , are all activated by orexins in vitro. Orexins also have a strong direct excitatory effect on cholinergic neurons in the BF (Eggermann et al., 2001) , which also play an important role in regulating arousal (Alam et al., 1999) . Orexin neurons also project to LDT/PPT cholinergic neurons. Injection of orexin A into the LDT of cats results in an increase in waking time and a decrease in REM sleep time (Xi et al., 2001) . Orexin A induces longlasting excitation of cholinergic neurons in the LDT (Takahashi et al., 2002 ). Contrary to above-mentioned reports, orexin A indirectly inhibits cholinergic neurons in the PPT via activation of GABAergic local interneurons and GABAergic neurons in the substantia nigra pars reticulata (Takakusaki et al., 2005) . These results suggest that hypothalamic orexin neurons affect the activity of LDT/PPT cholinergic neurons directly and/or indirectly to appropriately regulate the activity of these cells to control wakefulness and REM sleep. On the other hand, orexin neurons are innervated by BF cholinergic neurons . Carbachol, a cholinergic agonist, activates some populations of orexin neurons . This cholinergic input to orexin neurons probably plays a role in stabilization of wakefulness . Furthermore, serotonergic neurons send inhibitory projection to orexin neurons (Muraki et al., 2004; Sakurai et al., 2005) . Noradrenergic neurons might also have inhibitory effects on orexin neurons . These feedback inhibitory mechanisms might also be important for the stability of orexin neuronal activity.
B. Mechanisms that Stabilize Wakefulness
Sleep-active neurons in the VLPO inhibits wake active neurons in the arousal regions and are in turn inhibited by them, thus forming a mutually inhibitory system resembling a flip-flop switch (Fig. 4) . This switch may sharpen transitions between awake and sleep states, but it is not inevitably stable. This mechanism is vulnerable to sudden unnecessary transition. Orexin neurons localized in the LHA are anatomically well placed between VLPO (sleep promoting) and brain stem (wake promoting). These neurons link the VLPO and brainstem and stabilize behavioral states by activating arousal regions during wakefulness, preventing unwanted transitions between wakefulness and sleep. This neural network ensures and stabilizes Orexin neurons send excitatory input to monoaminergic neurons, which send inhibitory feedback projection to orexin neurons. This system might maintain the activity of monoaminergic neurons. A small decrease in the activity of monoaminergic neurons results in decreased inhibitory influence to orexin neurons. Orexin neurons, therefore, are disinhibited and increase excitatory influence to monoaminergic neurons to maintain their activities. These monoaminergic neurons send inhibitory projection to the VLPO sleep center and send excitatory projections to the thalamus and cerebral cortex. B, sleep state. GABAergic neurons in the VLPO sleep center are activated and send inhibitory projections to monoaminergic neurons and orexin neurons to maintain sleep state. C, model of narcolepsy. Sleep active neurons in the VLPO inhibits monoaminergic neurons and is in turn inhibited by them, thus forming a mutually inhibitory system. This system can cause unnecessary transition between the states. When either side begins to overcome the other, the switch abruptly turns into the alternative state.
168 the flip-flop mechanisms. Loss of the link between monoaminergic cells and VLPO sleep-active neurons by orexin neurons might result in behavioral instability, which is a major symptom of narcolepsy (Fig. 4) .
Orexins activate the arousal region to maintain wakefulness through activation of OX 1 R and/or OX 2 R. Which receptor is more important in regulation of wakefulness? Some reports have shown that the effect of orexins during wakefulness is largely mediated by activation of the TMN histaminergic system through OX 2 R. In rats, intracerebroventricular injection of orexin during the light period potently increases the awake period, and this effect is markedly attenuated by the H 1 antagonist pyrilamine (Yamanaka et al., 2002) . The pharmacological effect of orexin A on waking time in mice is almost completely absent in histamine H 1 -receptor-deficient mice (Huang et al., 2001) . OX 2 R is abundantly expressed in the TMN, whereas OX 1 R is strongly expressed in the LC. These results suggest that the TMN-histaminergic pathway might be an important effector site of orexin for sleep/wake regulation. Furthermore, OX 2 R knockout mice exhibit characteristics of narcolepsy , and OX 1 R knockout mice have no overt behavioral abnormalities and exhibit only very mild fragmentation of the sleep-wake cycle (Fig.  3) . It is notable, however, that the phenotype of OX 2 R knockout mice is far less severe than that found in prepro-orexin knockout mice and double receptor knockout (OX 1 R-and OX 2 R-null) mice, which seem to have the same phenotype as prepro-orexin knockout mice (Fig. 3) . In particular, OX 2 R knockout mice are only mildly affected by cataplexy and direct transitions to REM sleep from an awake state, whereas prepro-orexin knockout mice and OX 1 R/OX 2 R-double knockout mice are severely affected. These observations suggest that OX 1 R also has additional effects on sleep-wake regulation, especially inhibition and gating of REM sleep. These findings suggest that despite the lack of an overt OX 1 R phenotype, loss of signaling through both receptor pathways is necessary for emergence of a complete narcoleptic phenotype. It is reasonable to think that the lack of obvious phenotype in OX 1 R knockout mice might result from compensatory effects of OX 2 R, whereas lack of OX 2 R cannot be completely compensated by OX 1 R. These observations suggest that the profound dysregulation of wakefulness in the narcolepsy syndrome emerges from loss of signaling through both OX 1 R-and OX 2 R-dependent pathways.
C. Input from the Limbic System
Emotional arousal or fear-related responses increase sympathetic outflow. Intracerebroventricular injection of orexin to rodents elevated sympathetic tone and plasma corticosterone levels (Hagan et al., 1999) . This suggests that input coming from regions implicated in emotion might be important for regulation of sleep/wake system and that the orexin system might be involved in this regulation.
Orexin neurons receive input from the limbic system (Winsky-Sommerer et al., 2004; Sakurai et al., 2005; Yoshida et al., 2006) , suggesting a role for this system in the regulation of orexin neuron activity. Indeed, the importance of this connection is readily apparent in the defense, or "fight or flight," response. Mice tested in a resident-intruder paradigm show cardiovascular and locomotor responses to the emotional stress evoked by this test, but these responses are diminished in prepro-orexin knockout mice (Kayaba et al., 2003) . Likewise, air-jet stress-induced elevations of blood pressure and heart rate were attenuated in conscious orexin neurons ablated mice (Zhang et al., 2006) . These results indicate that input from the limbic system to orexin neurons might be important for sympathetic responses during emotional events.
One of the limbic inputs to orexin neurons might be corticotropin-releasing factor (CRF) neurons in the amygdala (Winsky-Sommerer et al., 2004) . They activate orexin neurons via the CRF-R1 receptor (WinskySommerer et al., 2004) . The reciprocal link between the CRF system and orexin neurons might maintain wakefulness during stressful events. Indeed, activation of orexin neurons by foot-shock stress is severely impaired in CRF-R1 receptor-deficient mice, suggesting that such activation is mediated by CRF (Winsky-Sommerer et al., 2004) . Furthermore, administration of CRF or immobilization stress activates the orexin neurons and increases the production of prepro-orexin mRNA (Ida et al., 2000; Winsky-Sommerer et al., 2004) . Excessive activation of orexin neurons during rest period by the limbic input might contribute to sleep disruption under stressful conditions. Patients with insomnia, for example, often show anxiety, stress, and elevations in pulse, blood pressure, and metabolic rate (Bonnet and Arand, 1998; Bonnet and Arand, 2003) . The neural input from the limbic system to orexin neurons might also be implicated in pathophysiology of cataplexy, because strong, generally positive emotional stimuli are known to trigger cataplexy in patients with narcolepsy-cataplexy. A local injection of orexin into the PPT strongly inhibited REM-related atonia in cats (Takakusaki et al., 2005) . Cholinergic neurons in the LDT/PPT are implicated in REM-related atonia (Shiromani et al., 1988) and the same pathway is implicated in cataplexy. Therefore, emotional stimuli may increase orexin release in the PPT, which indirectly inhibits cholinergic neurons, to prevent muscle atonia in wild-type animals. Projections to orexin neurons from the limbic system might also be important for maintaining orexin neuron activity during the active period by conveying various emotional stimuli to orexin neurons.
The regulation of feeding behavior might be also controlled by input to orexin neuron from the limbic system, because some of the affective content of the perception of OREXIN AND SLEEP, FEEDING, AND EMOTION food is thought to be processed in the amygdala and limbic system (Berthoud, 2004) , and this information may passed on to orexin neurons. In fact, it is well known that food perception often evokes cataplexy in narcoleptic dogs (Reid et al., 1998) , suggesting that orexin signaling is physiologically activated upon perception of food, and that this system is necessary to evoke proper feeding behavior.
VI. Roles of Orexins in Feeding Behavior and Energy Homeostasis
A. Regulation of Orexin Neurons by Humoral Factors
It is well known that the lateral hypothalamus, where orexin neurons are localized, is involved in food intake and energy homeostasis, and intracerebroventricular injection of orexins during the light period induces feeding behavior in rats and mice (Sakurai et al., 1998; Edwards et al., 1999; Haynes et al., 2000 Haynes et al., , 2002 . These observations suggest that orexin neurons might participate in regulation of feeding behavior. In fact, orexin neurons are able to monitor humoral and neural indicators of energy balance. Changes in extracellular glucose concentration produce electrophysiological changes in orexin neurons (Yamanaka et al., 2003a) . Increasing extracellular glucose concentration as well as leptin induces marked hyperpolarization and cessation of action potentials in orexin neurons. Conversely, decreasing glucose concentration induces depolarization and increases the frequency of action potentials in these same neurons (Yamanaka et al., 2003a; Burdakov et al., 2005) . It has been suggested that the LHA contains glucose-sensitive neurons that are activated by glucopenia and thus implicated in the positive short-term regulation of feeding and energy expenditure (Oomura et al., 1974) . These studies suggested that the orexin neurons are glucose-sensitive neurons and might play an important role in feeding and energy expenditure. Orexin neuron-ablated mice cannot respond to fasting by increased locomotor activity and waking time (Yamanaka et al., 2003a ). prepro-Orexin mRNA level is also increased in hypoglycemic conditions, suggesting that expression of the gene is also regulated by plasma glucose level Moriguchi et al., 1999) . It is noteworthy that this mechanism is sufficiently sensitive to encode variations in glucose levels reflecting those occurring physiologically between normal meals (Burdakov et al., 2005) . It is demonstrated that the mechanism for inhibition of orexin neurons by glucose is mediated by tandem-pore K ϩ (K 2P ) channels (Burdakov et al., 2006) . The orexigenic peptide ghrelin activated 60% of dispersed orexin neurons when applied in superfused solution, with depolarization and an increase in action potential frequency (Yamanaka et al., 2003a) . These findings are consistent with the idea that orexin neurons act as a sensor of the nutritional status of the body (Sakurai et al., 1998) . prepro-Orexin expression of normal and ob/ob mice is consistently negatively correlated with changes in blood glucose, leptin, and food intake (Yamanaka et al., 2003a) . This suggests that orexin neurons monitor indicators of energy balance and mediate adaptive augmentation of arousal in response to fasting.
B. Mechanism of Orexin-Mediated Feeding
Orexin neurons exclusively localize to the LHA, which has been recognized as a brain region of central importance to feeding. Other hypothalamic regions, including the Arc, ventromedial hypothalamic nucleus, DMH, and paraventricular nucleus, are also involved in energy homeostasis and feeding . Proopiomelanocortin (POMC) neurons and NPY neurons in the Arc have been shown to innervate to orexin neurons (Elias et al., 1998) . Injection of agouti-related protein, which is an endogenous antagonist for melanocortin 3 and 4 receptors, resulted in the activation of orexin neurons but not melanin-concentrating hormone and NPY neurons (Zheng et al., 2002) . These findings suggest that the orexin system is involved in the hypothalamic neuronal network that regulates feeding behavior and energy homeostasis. The altered energy homeostasis in patients with narcolepsy also suggests roles for orexin in regulation of energy homeostasis (Honda et al., 1986; Schuld et al., 2000) . The finding of decreased caloric intake (Lammers et al., 1996) combined with an increased body mass index (Schuld et al., 2000) suggests that patients with narcolepsy have a feeding abnormality with reduced energy expenditure or low metabolic rate, and orexin neurons have a role in the regulation of energy homeostasis. Orexin neuron-ablated mice consistently show hypophagia and late-onset obesity .
Moreover, central administration of anti-orexin antibody or an OX 1 R-selective antagonist reduced food intake (Haynes et al., 2000; Yamada et al., 2000) , and prepro-orexin knockout mice and transgenic mice lacking orexin neurons ate less than control wild-type mice Willie et al., 2001) . Moreover, an OX 1 R-selective antagonist reduced food intake and ameliorated obesity of leptin-deficient ob/ob mice (Haynes et al., 2002) , suggesting that leptin deficiency at least partly activates the orexin pathway to increase food intake. This is consistent with electrophysiological findings showing that activity of orexin neurons is inhibited by leptin. The Arc receives projections densely from orexin neurons Date et al., 1999; Yamanaka et al., 2000) , and Fos expression was induced in NPY neurons of the arcuate nucleus by intracerebroventricular injection of orexin, suggesting that orexinstimulated feeding may occur at least partly through NPY pathways (Yamanaka et al., 2000) . Electrophysiological data showed that orexin directly and indirectly activated NPY neurons (van den Top et al., 2004; Li and 170 van den Pol, 2006) but inhibited POMC neurons (Muroya et al., 2004; Ma et al., 2007) . Furthermore, the orexin A-induced increase in food intake was partly inhibited by prior administration of BIBO3304, an NPY-Y1 receptor antagonist, in a dose-dependent manner (Yamanaka et al., 2000) . These experiments suggest that orexin-stimulated food intake is at least partially mediated by activation of NPY neurons.
Recent reports also showed that infusion of orexin A into the shell of the nucleus accumbens (NAc) increased feeding behavior (Thorpe and Kotz, 2005) . In addition, infusion of the GABA A receptor agonist muscimol into the NAc shell strongly induced food intake and simultaneously increased Fos expression specifically in orexin neurons (Baldo et al., 2004) . These findings indicate that interactions between the orexin and limbic systems have a role in the regulation of feeding.
Orexin-mediated maintenance of consolidated wakefulness states might also be important in supporting motivated behaviors in relation with food intake, such as food seeking, because proper maintenance of arousal during food searching and intake is essential for an animal's survival. For example, when faced with reduced food availability, animals adapt with a longer awake period, which disrupts the normal circadian pattern of activity (Itoh et al., 1990; Challet et al., 1997) . During starvation, orexin neurons might be activated by low leptin and glucose levels, along with high ghrelin level. These mechanisms may directly modulate activity of orexin neurons according to appetite and body energy stores to maintain wakefulness. Transgenic mice in which orexin neurons are ablated consistently fail to respond to fasting with increased wakefulness and activity (Yamanaka et al., 2003a) . Furthermore, it was reported that after 48-h fast, prepro-orexin mRNA was up-regulated compared with the fed control in rats (Sakurai et al., 1998) . These suggest that orexin neurons have a critical role in maintenance of arousal during the period in which the energy balance is negative. These properties might allow the orexin neurons to promote alertness in a hungry animal and maintain long periods of wakefulness throughout the day. These findings indicate that orexin neurons provide a crucial link between energy balance and arousal.
C. Orexin as Effector of Food Entrainable Oscillator
Temporal restriction of feeding can produce an anticipatory locomotor activity rhythm and entrain the peripheral molecular oscillator, which is independent of the central clock located in the suprachiasmatic nucleus. Orexin neurons have been shown to contribute to the promotion and maintenance of this food-anticipatory activity (Akiyama et al., 2004; Mieda et al., 2004a) . Restricted feeding was shown to shift the peak of Fos expression of orexin neurons from night to the period of restricted feeding (Akiyama et al., 2004; Mieda et al., 2004a) . Display of the food-anticipatory activity is severely impaired in orexin neuron-ablated, orexin/ ataxin-3 transgenic mice (Akiyama et al., 2004; Mieda et al., 2004a) . Expression of mNpas2 mRNA, a transcription factor thought to be involved in regulation of the food entrainable oscillator (FEO), as well as mPer1 and mBmal1 mRNA, is reduced in orexin/ataxin-3 mice. These observations suggest that orexin neurons convey an efferent signal from the putative FEO or oscillators to increase wakefulness and locomotor activity. Recently, several reports suggest that the DMH is a candidate for the center of the FEO. The DMH was shown to have marked oscillation of mPer expression only under restricted feeding (Mieda et al., 2006) . Gooley et al. (2006) also consistently demonstrated that lesions in the DMH in rats blocked food entrainment of wakefulness, locomotor activity, and core body temperature. Furthermore, restoration of the clock gene Bmal1 gene only in the DMH restored the ability of animals to entrain to food but not to light in mice with targeted disruption of the Bmal1 (Fuller et al., 2008) . In contrast, Landry et al. (2006) reported that complete ablation of the DMH did not affect food-anticipatory activity rhythms in rats. The nature of the discrepancy between these reports remains unknown. However, taken in conjunction with our recent finding that DMH neurons directly project to orexin neurons , these findings indicate a possibility that a link between DMH neurons and orexin neurons might play a key role as a central FEO in the feeding-mediated regulation of circadian behavior.
VII. Roles of Orexins in Reward Systems
A. Orexin Neurons in the Lateral Hypothalamic Area Involved in Reward Systems
Several lines of evidence suggest that orexins are involved in the modulation of the reward function and that there is a functional dichotomy for orexin neurons. The lateral part of orexin neurons is strongly linked to preferences for cues associated with drug and food reward (Harris et al., 2005) . Fos expression in orexin neurons of the PFA-DMH show diurnal change consistent with a role in regulating arousal, but LHA orexin neurons did not (Estabrooke et al., 2001 ). These observations indicate that orexin neurons in the LHA have an important role in reward system. Historically, it is known that an important role of the LHA in reward by both lesion experiments and the intracranial self-stimulation paradigm (Anand and Brobeck, 1951; Olds and Milner, 1954) .
Patients with narcolepsy are often treated using highly addictive amphetamine-like drugs such as methylphenidate, amphetamine, and ␥-hydroxybutyrate (Nishino and Mignot, 1997) , but they rarely become addicted to these drugs (Akimoto et al., 1960; Guilleminault et al., 1974) . Orexin knockout mice are consistently less susceptible than wild-type mice to developing morphine dependence as measured by physical with-OREXIN AND SLEEP, FEEDING, AND EMOTION drawal response (Georgescu et al., 2003) . Moreover, morphine-conditioned animals had greater place preferences and Fos-activated orexin neurons than nonconditioned (Harris et al., 2005) . These observations suggest that orexin neurons play important roles in reward processing.
B. Input from Reward Systems
Orexin neurons receive projections from the VTA, NAc, and lateral septum, regions involved in reward systems (Yoshida et al., 2006) . Dopamine inhibits orexin neurons by acting on ␣ 2 -adrenoceptors (Yamanaka et al., 2003b constituting negative feedback regulation. Dopamine has a consistently inhibitory influence on food intake and the reward pathways when injected in the LHA/PFA (Yang et al., 1997) . On the contrary, VTA neurons receive a projection from a part of the LHA/PFA including orexin neurons (Marcus et al., 2001; Fadel and Deutch, 2002) . These reciprocal interactions might constitute regulatory mechanisms of reward systems (Fig. 4) .
C. Output to Reward Systems
Orexin directly activates VTA dopaminergic neurons (Nakamura et al., 2000; Korotkova et al., 2003) , and the VTA receives an input from orexin neurons composed of both synaptic terminals Fadel and Deutch, 2002) and en passant fibers (Balcita-Pedicino and Sesack, 2007) . The relatively high presence of axonally located orexin-containing dense core vesicles that are capable of exocytosis at extrasynaptic sites suggests that orexins are probably released into the VTA via extrasynaptic mechanisms (Balcita-Pedicino and Sesack, 2007) . The dopamine receptor antagonist haloperidol blocks hyperlocomotion and stereotypy induced by intracerebroventricular orexin (Nakamura et al., 2000) . Intracerebroventricular or local VTA infusion of orexin reinstates drug-or food-seeking behavior in rodents (Boutrel et al., 2005; Harris et al., 2005) . On the other hand, injection of an orexin antagonist into the VTA blocks the development of heroin-conditioned place preferences (Narita et al., 2006) .
Recent work has also shown that orexin A input to the VTA potentiates NMDA receptor (NMDAR)-mediated neurotransmission via phospholipase C/Ca 2ϩ -phospholipid-dependent protein kinase-dependent recruitment of NMDA receptors in VTA dopamine neuron synapses in slice preparations . A recent study demonstrated that orexin B potentiated both ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor and NMDAR currents in VTA slices (Borgland et al., 2008) . Furthermore, in vivo administration of an OX 1 R antagonist blocks locomotor sensitization to cocaine and occludes cocaine-induced potentiation of excitatory currents in VTA dopamine neurons . These results suggest a critical role of orexin signaling in neural plastic effects at glutamatergic synapses in the VTA and that orexins play a critical role in cocaine-induced psychomotor sensitization and reward-seeking. These findings suggest roles of orexin in the mechanisms of reward systems and drug addiction.
Similarly to orexin, CRF potentiates NMDAR-mediated synaptic transmission in dopamine neurons of the VTA (Ungless et al., 2003) . Changes in synaptic efficacy such as those induced by orexin and CRF are likely to underlie arousal responses to the environment. CRF activates orexin neurons directly (Winsky-Sommerer et al., 2004) , and this circuit contributes to activation and maintenance of arousal associated with the stress response. Increased activity of orexin neurons could also lead to a state of hyperarousal and excitement propitious to drug craving or could contribute to the susceptibility to relapse of drug seeking during protracted abstinence (de Lecea et al., 2006) .
VIII. Clinical Implications
Current management of narcolepsy relies totally on symptomatic treatment. This includes psychostimulants (including modafinil, methylphenidate, amphetamine, and caffeine) for excessive daytime sleepiness and sleep attacks and tricyclic antidepressants or selective serotonin-reuptake inhibitors for cataplexy and other REMassociated symptoms. Hypnotics are also used for disturbed nighttime sleep. Because narcolepsy-cataplexy is a disorder resulting from an absence of orexin, replacement therapy using orexin receptor agonists may provide an effective treatment for narcolepsy.
Chronic overproduction of orexin peptides from an ectopically expressed transgene prevented cataplectic arrests and other abnormalities of REM sleep in orexin neuron-ablated (orexin/ataxin-3) mice (Mieda et al., 2004b) . Short-term administration of orexin A to these mice also maintained wakefulness, suppressed sleep, and inhibited cataplectic attacks (Mieda et al., 2004b) . Furthermore, after viral vector transferal of the gene for mouse prepro-orexin to the LHA of orexin-deficient mice, the incidence of cataplexy declined and the levels of REM sleep during the second half of the night became similar to those in wild-type mice (Liu et al., 2008) . These results indicate that orexin neuron-ablated mice retain the ability to respond to orexin neuropeptides and that a temporally regulated and spatially targeted secretion of orexins is not necessary to prevent narcoleptic symptoms. However, chronic overexpression of orexin in an unregulated fashion results in fragmentation of non-REM sleep. Therefore, if orexin agonists were available, a short half-life (Ͻ12 h) might be desirable. Attempts at using orexin-based treatment after peripheral administration have been disappointing, because the peptides do not cross the blood-brain barrier (Mignot and Nishino, 2005) . However, a recent report showed that orexin A delivered via the intravenous and nasal routes signifi-172 TSUJINO AND SAKURAI cantly improved performance in sleep-deprived rhesus monkeys (Deadwyler et al., 2007) .
Unfortunately, there are no reported nonpeptide orexin receptor agonists. Orexin-based therapy such as direct use of orexin receptor agonists (Mieda et al., 2004b; Deadwyler et al., 2007) and orexin neuron transplantation is currently under investigation in animal models.
The spinal cord receives projections by orexin-immunoreactive fibers, especially dorsal root ganglion neurons and lamina I and X surrounding the central canal (van den Pol, 1999) . OX 1 R is localized on C fibers in the spinal cord (Hervieu et al., 2001) . These data suggest that the spinal orexin system is involved in transmission of nociceptive information. Several studies have shown that an orexin receptor agonist produces an analgesic effect in a rat model (Bingham et al., 2001; . In addition, the orexin system is involved in stress-induced analgesia (SIA). Orexin knockout mice presented less SIA than wild-type mice . Orexin neurons were hyperpolarized by nociceptin/orphanin FQ (N/OFQ), which is a neuropeptide implicated in blocking SIA (Xie et al., 2008) . Coadministration of orexin A overcame N/OFQ inhibition of SIA in mice (Xie et al., 2008) . These results suggest that the orexin neurons regulate SIA and its effects might be modulated by N/OFQ. Thus, orexin receptor agonists could possibly also be useful in controlling of pain and dysfunctional conditions resulting from excessive stress. (Kajiyama et al., 2005; Mobarakeh et al., 2005; Xie et al., 2008) .
The administration of the OX 2 R-selective agonist [Ala 11 , ]-orexin B suppressed weight gain on a high-fat diet without altering weight homeostasis on a low-fat diet (Funato et al., 2009 ). This report suggests that enhanced orexin-OX 2 R signaling confers resistance to diet-induced features of the metabolic syndrome (Table 2) .
Several pharmaceutical companies have shown interest in the potential therapeutic application of nonpeptide, low-molecular-weight orexin receptor antagonists (for review, see Bingham et al., 2006) . Orexin receptor antagonists might be effective for inducing sleep and treating insomnia patients. A new dual-orexin receptor antagonist (ACT-078573) selectively and reversibly blocks both OX 1 R and OX 2 R at nanomolar concentrations (Brisbare-Roch et al., 2007) . The drug is orally active and effectively crosses the blood-brain barrier. Although the drug thoroughly blocks orexin signaling and produces sleepiness, no signs of cataplexy were observed. This might suggest that cataplexy become evident after long-term deficiency of orexins. This antagonist was effective for promoting sleep when given to rodents and dogs during the active period, but it had no effect when given during the rest period in which orexin system might be inactive. Accordingly, it may be very effective in shift workers or people with jet lag trying to sleep when their biological clock is signaling wakefulness. The company indicated that the compound was suitable for use as a sleep quality improver, and the drug has entered phase III clinical trials for insomnia.
It was also shown that OX 1 R antagonist (SB334867A) blocked an effect of the orexin-induced increase of food consumption (Bingham et al., 2006) . Studies using strains of mice and rats that differ in susceptibility to diet-induced obesity have also demonstrated the anorexic effect of SB334867A. Furthermore, SB334867A blocks 2-deoxy-D-glucose-and orexin A-induced gastric acid secretion in rats. In addition, insomnia is sometimes observed during calorie restriction in humans. The sleep-inducing effect of orexin antagonists might help in treating such a case.
Another possible use of orexin receptor antagonists includes withdrawal from drug addiction. SB334867A significantly suppressed morphine-induced place preference and hyperlocomotion (Harris et al., 2005; Narita et al., 2006) and blocked the reinstatement of previously extinguished cocaine-seeking behavior and locomotor sensitization to cocaine (Boutrel et al., 2005; and decreased intravenous nicotine self-administration and the motivation to obtain the drug in rats (Hollander et al., 2008) (Table 2 ). However, SB334867A has off-target effects that make this selective OX 1 R antagonist a less-than-ideal drug for treatment. Although to date there is no report of an OX 1 R antagonist in clinical development, OX 1 R antagonists may have therapeutic utility in the treatment of obesity and drug addiction. Furthermore, the OX 1 R antagonists may provides an opportunity to better understand the functions of orexins in human.
IX. Conclusion
For more than a decade of research, it was revealed that orexin neurons provide a crucial link between energy balance, emotion, reward systems and arousal (Fig.  5) . Symptoms of narcolepsy undoubtedly show that the orexin system plays highly important roles in regulating sleep/awake states and the maintenance of arousal by reciprocal interaction between orexin neuron and monoaminergic/cholinergic nuclei in the brain. This system is also related to the limbic system, which regulates emotional responses, the reward system in the VTA, and hypothalamic mechanisms that regulate feeding behavior. Orexin neurons in the LHA are anatomically well placed to link the limbic system, energy homeostasis, and brainstem monoaminergic/cholinergic neurons. The link between the limbic system and orexin neurons might be important for emotional arousal and sympathetic responses during emotional events such as avoiding danger. The link among the limbic system, VTA, and orexin might be important for reward and motivated behavior such as finding food. On the other hand, the responsiveness of orexin neurons to leptin, glucose, and other peripheral metabolic cues suggests that these cells might act as a sensor for the metabolic status of animals. Orexin systems are involved in sensing the body's external and internal environments as well as regulating the states of sleep and wakefulness, which are beneficial for survival. FIG. 5 . Input and output of orexin neurons at the interface of sleep, reward systems, and energy homeostasis. Orexin neurons in the LHA and posterior hypothalamus (PH) are placed to provide a link between the limbic system, energy homeostasis, and brainstem monoaminergic and cholinergic neurons. Arrows, excitatory projections; broken arrows, inhibitory projections. Neurotransmitters/modulators are underlined. LC, DR, and TMN are wake-active regions, VLPO is a sleep-active region, and LDT/PPT is a REM-active region. Orexin neurons promote wakefulness through the monoaminergic nuclei that are wake-active. Stimulation of dopaminergic centers by orexins modulates reward systems (VTA). Peripheral metabolic signals, leptin, ghrelin, and glucose influence orexin neuronal activity to coordinate arousal and energy homeostasis. Stimulation of neuropeptide Y neuron by orexin increases food intake. The suprachiasmatic nucleus (SCN), the central body clock, sends input to orexin neurons via the DMH. The DMH acts as a food-entrainable oscillator and influences orexin neural activity. Input from the limbic system (amygdala and BST) might be important to regulate the activity of orexin neurons upon emotional stimuli to evoke emotional arousal or fearrelated responses.
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